Three-dimensional ͑3D͒ optical waveguides were fabricated in a photopolymerizing resin mixture solution by using a multimode optical fiber, without any moving parts. The core portion has formed by the selective photopolymerization of a higher refractive index monomer by Ar ϩ laser irradiation through the optical fiber. A continuous, straight waveguide was grown by the self-trapping of a guided laser beam. We demonstrated automatic 3D optical circuit formation that enables regrowth after passing through thick transparent glass plates. This growth mechanism also enables automation of the optical interconnection and packaging process, and could potentially contribute to future expansion of optical fiber communications networks. © 2001 American Institute of Physics. ͓DOI: 10.1063/1.1389516͔ Light-induced or self-written optical waveguide formation is a recognized technology whereby we can form a solid core within a liquid photopolymer cladding as a result of the self-trapping action of a laser beam that is passed through either a single mode optical fiber 1 or a converging lens.
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However, these technologies have not been utilized because of the drawbacks concerning the diameter of waveguides that were obtained was not uniform, the cladding layer was a liquid, and the waveguide length was limited to several millimeters, at most. In this work, we have realized the growth of straight optical waveguides with a uniform diameter and which are over 20 mm in length. We achieved this by using a specific characteristic of the outgoing beam from a graded index ͑GI͒ type multimode optical fiber that has axisymmetric near-field and far-field patterns due to random mode coupling along the fiber. 3 In addition, we also demonstrated that all-solid polymer three-dimensional ͑3D͒ waveguide devices could be formed from a resin mixture solution. In the growth of these devices, the core portion was formed by the selective polymerization of a higher refractive index monomer, while the cladding portion was formed by the simultaneous hardening of both constituent monomers, which were mixed at the molecular level. 4 We call this type of waveguide a light-induced self-written ͑LISW͒ optical waveguide.
A number of studies for optical interconnection in the field of next generation Wavelength Division Multiplexing ͑WDM͒ devices, including planar lightwave circuit ͑PLC͒ 5, 6 or polymer optical waveguides [7] [8] [9] have been proposed. However, connecting technologies for the optical components used in these devices require precise mechanical alignment, and this low-yield technology has inhibited the popularization of the WDM system in datacoms applications.
We report the discovery of a phenomenon for the LISW optical waveguide that allows the autoformation of a 3D optical circuit ahead of an optical fiber tip, with a length of 20 mm or more. This is formed from a solution consisting of a mixture of two kinds of photopolymerizing resins that would not normally copolymerize with each other. Resin A, which was used for the higher refractive index core, was a radical type resin given by the blending of acrylic acid and urethane-acrylate oligomer. And resin B, used for the lower refractive index material, was a cationic-type fluorine inclusion epoxy. Resin B has the following requirements: it must mix well and not copolymerize with resin A, it must not polymerize at a wavelength of 488 nm, and it must have a lower refractive index than that of resin A. A photopolymerizing resin containing fluorinated epoxy monomer and a photoinitiator of 4,4Ј-Bis͓di͑â -hydroxy͒phenylsulphonio͔ phenylsulfide-bis-hexafluoroantimonate satisfies these requirements. The exposure characteristics of each are shown in Fig. 1 .
First, we shall discuss the waveguide formation sequence. The tip of a GI type multimode optical fiber was first inserted into the photopolymerizing resin mixture ͑A:Bϭ7:3͒, and an argon-ion laser ͑488 nm wavelength͒ was used to irradiate through the fiber. The numerical aperture ͑NA͒, core diameter, and cladding diameter of the fiber were 0.28, 100 m, and 140 m, respectively. At the initial stages of growth, yellow fluorescence was observed with a shape corresponding to the outgoing cone from the fiber ͓Fig. 2͑a͔͒. When the irradiation is sustained, hardening begins to occur from the fiber tip center, where the optical power density is the most intense. Because the hardening process is accompa- nied by a rise in the refractive index, a kind of quasilens is formed at the tip of the LISW waveguide, and this lens makes the cone angle small. As a result, the light density at the lens front rises, and so a uniform diameter is maintained as the hardening region continuously grows. A GI-type optical fiber, whose outgoing beam has axisymmetric near-field and far-field patterns, contributes to the formation of this long, straight waveguide. In this polymerization process, because only the photoinitiator for the acrylic monomer has a sensitivity to the wavelength being used, the acrylic monomer and oligomer are polymerized selectively, and the epoxy monomer migrates through the mixture to outside the core region. Therefore, a LISW waveguide with NAϭ0.33 has been formed, as shown in Fig. 1 . The core portion is formed mainly of resin A, whose refractive index changes stepwise to a lower threshold value. Next, in Fig. 2͑b͒ , scattering of blue light, ͑the color of the laser that we used͒, is observed coming from the waveguide with a diameter of about 140 m. The main reason for the scattering seems to be fluctuations in the refractive index due to microphase separation by epoxy monomer residues in the core region. We postulate that this blue colored portion is a gel state. After complete curing, the color of the scattered light apparently changed to white, but this was probably due to saturation of the photograph by the increased intensity of the scattering. At the leading edge of the hardened portion, where the mixture is in the liquid state, there is no scattering and only the cone-shaped fluorescence was observed, as shown in Figs. 2͑b͒ and 2͑c͒. It takes more than 10 s to grow a LISW optical waveguide over 20 mm in length with a fiber output power of 380 mW. Finally, the resin mixture is made to harden from its circumference inwards by irradiating with a UV lamp of less than 400 nm wavelength. The final NA of this all-solid waveguide becomes ideally 0.19 ͑Fig. 1͒. A propagation loss of 1 dB/cm or less is achieved for the wavelength range 0.8 -1.0 m. Figure 3 shows an actual fabricated LISW waveguide grown toward a high transmission filter, ͑150 m thick borosilicate glass with n D ϭ1.522͒, with a 45°angle of incidence is described. The photograph was taken after withdrawing the core from the liquid cladding and subsequent removal of the uncured resin using acetone. Though the waveguide diameter slightly increases by passing through the filter, we once again observe the growth of straight waveguides from the back surface, in spite of the number of filters that have been inserted, as shown in the scanning electron microscopy photograph in Fig. 3͑a͒ . Figure 3͑b͒ shows enlarged photographs both before and after passing through the filter. In this   FIG. 2. ͑Color͒ The growth process of the LISW optical waveguide is shown. A blue laser with a wavelength of 488 nm irradiated the resin via an optical fiber, from top to bottom in the picture. ͑a͒ During the initial stage of irradiation, the outgoing beam from the fiber tip expanded like a yellow cone. ͑b͒ and ͑c͒ As the waveguide grows, scattering from the cured core became dominant ͑blue color portion in the picture͒. ͑d͒ A straight LISW waveguide about 40 mm long formed at the fiber tip ͑cladding is still a liquid͒ .   FIG. 3 . LISW optical waveguides formed before and after transmission filters in continuity at a 45°incidence angle are shown. ͑a͒ A LISW optical waveguide grown by penetrating four transparent glass filters, ͑b͒ enlarged photograph of the incidence portion to the filter, and ͑c͒ enlarged photograph of the regrowth starting point at the filter back surface are shown.
picture, a slight shift of the central axis of the LISW waveguide is observed due to the refractive index difference between the filter and the optical waveguide. Because the waveguide is formed automatically along the light path, the misalignment loss should be very small, as long the material chromatic dispersion is not extremely large. This loss can be negligible in common passive materials. Figure 3͑c͒ is an enlarged photograph of the regrowth starting point from the filter back surface, and it demonstrates the excellent adhesion, linearity, and smoothness that could be obtained.
In conclusion, a method for fabricating a 3D optical waveguide in photopolymerizing resin using the LISW technique was demonstrated. This technology, which uses the intrinsic properties of the light, provides the possibility of a 3D optical module fabrication method without the requirement for conventional machining operations, such as filter groove formation or 45°inclined waveguide end formation 10 by a diamond saw. This technology can also automate the optical fiber connection and packaging processes by virtue of the waveguide growth and the cladding-curing processes. Therefore, we are convinced that this technology can contribute to the popularization of future optical fiber communication and micromachining systems.
